what data are available requires extensive interpolation and/or extrapolation of monochromatic wave conditions.
Physical model tests were conducted to measure wave overtopping rates occurring on a 1:2 and 1:3.5 stone revetment slope. The tests cover a range of incident irregular wave conditions using a foreslope of 1: 100.
Results of the tests are expressed in terms of overtopping rate per length of structure versus relative freeboard. Relative freeboard is particularly effective, as it accounts for different water levels in the freeboard, wave heights in Hmo , and wave periods in Lo. Design of coastal revetments typically assumes that the structure will be of sufficient height to prevent overtopping. This is not always economically feasible, however, and changing conditions have rendered many existing structures inadequate. Due to the potential for substantial damage by overtopping, it is vital that design engineers be able to accurately predict overtopping rates.
2. Most available literature on overtopping of riprap revetments is based on monochromatic waves. Attempting to apply this information to the irregular wave conditions found in nature is difficult. For example, Tsuruta and Goda (1968) cite an experiment where overtopping rates for irregular waves were compared to those for monochromatic waves. In this case, the monochromatic wave height was equal to the significant wave height (Hs)* of the irregular wave train. For this particular set of tests, at Hs = 14.5 ern, the overtopping rate for monochromatic waves was up to five times that of irregular waves, overtopping rates were equal at Hs = 10.5 ern, and overtopping rates for irregular waves were higher than monochromatic waves if the significant wave height was further reduced.
3. Unless the revetment crest is located at the still-water level (swl), not all waves in an irregular wave train will overtop the revetment.
Thus, the freeboard has an obvious effect on dictating the portion of the incident wave spectrum that will cause overtopping. This is complicated by damping effects of filter layers and riprap, and by interactions of wave runup and rundown. Other factors affecting overtopping are structure slope, porosity, and roughness; depth of structure and offshore slope; wave spectral characteristics of peak period, height of zeroth moment, and spectral width; and wind characteristics of speed, direction, and duration. Center to measure overtopping rates for a range of incident irregular wave conditions on model revetments. The purpose of the study was to develop design criteria for predicting overtopping rates on riprap revetments under irregular wave conditions.
Test Facility
6. All tests were conducted in a 3.0-ft*-wide by 150-ft-long by 3.0-ftdeep wave flume (Figure 1 ). A 1:20 slope was installed in the bottom of the flume starting 36.5 ft from the wave board and extending for 10 ft, followed by a 1:100 slope extending to the test structure.
7.
The flume was divided lengthwise into two 1.5-ft-wide channels * A table of factors for converting non-SI units of measurement to SI units is presented on page 3. starting 100.0 ft from the wave board and extending past the structure. A wave absorber was placed in one channel, while the structure was placed in the other channel, thus minimizing reflection in the flume. An array of three wave gages was centered 21.5 ft in front of the wave board to monitor the generated signal. A similar array was placed in the side of the flume with the test structure, centered 104.5 ft from the wave board, to be used in separating the incident and reflected wave trains. Wire resistance staff gages were read at 10 Hz to monitor the water surface elevation.
8. A piston-type wave generator powered by an electro-hydraulic pump and controlled by a computer-generated signal was used to produce the waves.
Test Structure 9. Test structures modeled 1:2 and 1:3.5 slopes of an impervious substratum, protected by a filter layer and a layer of riprap ( Figure 2 ).
Sand was glued to a plywood board to provide the necessary roughness, and the board was installed in the flume to represent the existing slope. A 0.07-ftthick layer of crushed stone averaging 0.04 oz was used for the filter layer.
The armor layer was 0.26-ft thick and was constructed of crushed limestone with a specific gravity of 2.67, a blocky to angular shape, and a gradation of 1.79 where D8s and DiS are the 8S-percentile and IS-percentile diameters, respectively. All armor stones fell within the range (1) (2) where Wso is the median stone weight and W is the weight of an individual armor stone. (3) where wr is the specific weight of rock, H is a monochromatic wave height, KRR is a stability coefficient, Sr is the relative specific gravity defined as specific weight of armor stone (w r ) divided by specific weight of fresh water (ww) , and cot 8 is the cotangent of the revetment slope.
Specific weights of the model stone and water were 167 pcf and 62.4 pcf, respectively.
For irregular wave tests, design is based on the average of the highest 10 percent of waves (H 10 ). Assuming a Rayleigh distribution, the design H 10 of 0.3 ft corresponds to an ~o (wave height of the zeroth moment) of about 0.24 ft.
11. The filter and armor stone layers were placed by dumping from a small shovel in a manner to simulate prototype construction by an experienced coastal contractor. The toe of the structure was 113 ft from the wave board for the 1:2 slope, and 110 ft from the wave board for the 1:3.5 slope. Tables 1 through 3. Tables 1   and 2 list wave conditions, runup, and overtopping data for tests on 1:2 and 1:3.5 revetments, respectively, while Table 3 lists only those tests where overtopping occulTed. Data in Tables 1 and 2 are provided for information that may be of value to the engineer; the discussion that follows is based on the data in Table 3. 13. As evidenced in the tables, tests were conducted at a range of water levels, wave heights, and wave periods for each of the two slopes. A major difficulty was determining a means of graphically presenting this information in a meaningful format. For this purpose, the relative freeboard parameter of Ahrens and Heimbaugh (1988) was selected. Relative freeboard is defined as
Results

Results of the tests are listed in
where F' is relative freeboard, F is freeboard (height of structure crest above swl), and Lo is deepwater wavelength. This parameter is particularly 
where Q' is the dimensionless overtopping rate per unit length of structure, Q is the overtopping rate per unit length of structure, and g is gravitational acceleration.
15. where Co' C 1 , and C z are dimensionless regression coefficients and m (6 ) is the cotangent of structure slope with the horizontal, was found to describe the relationship reasonably well. However, scatter in the data indicated that design based on a "best fit" curve would be inappropriate, as measured overtopping would exceed predicted overtopping much of the time. Instead, it was desired to fit a curve through the larger overtopping values as shown in Al revetment and bulkhead during storm conditions, and then showed the films to a panel of coastal experts to determine the danger presented by the overtopping.
Average results of the panel indicated that an overtopping rate of 0.02 cfs/ft was dangerous for a person walking 30 ft behind the bulkhead, and a rate of 0.002 cfs/ft was dangerous immediately behind the bulkhead. Goda (1985) estimated the maximum overtopping rate tnat an unpaved coastal revetment can sustain without damage to be about 0.5 cfs/ft. 
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